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A novel method for selectively labeling and isolating N-terminal peptide from protein has been devel-
oped. An Na-amino group of protein was converted to a carbonyl group through transamination reaction
and the resulting carbonyl group was modified with O-(4-nitrobenzyl)hydroxylamine (NBHA). After pro-
teolytic digestion using Grifola frondosa metalloendopeptidase (LysN), the modified N-terminal peptide
remained unbound in the following treatment using amino-reactive p-phenylenediisothiocyanate (DITC)
glass, whereas peptides other than the N-terminal peptide were effectively scavenged from the superna-
tant solution. The modified N-terminal peptide was thus successfully isolated and sequenced by matrix-
assisted laser desorption/ionization tandem mass spectrometry (MALDI-MS/MS) analysis.

� 2009 Elsevier Ltd. All rights reserved.
Protein identification using mass spectrometry is a key technol-
ogy in proteome research. In the conventional approach, such as
peptide mass fingerprinting (PMF), target proteins are enzymati-
cally or chemically digested into peptide fragments and measured
mass values are compared with theoretical ones calculated from
genome or protein databases.1 Therefore, the exact state of mature
proteins is not always determined; the mature protein sequence
may often differ from that translated from its DNA sequence due
to processes such as splicing and shuffling of mRNA, and/or the
various post-translational modifications (PTMs). For conducting
further study in depth on each protein identified by conventional
proteome analysis, more detailed information about the exact ami-
no acid sequence and PTMs of mature proteins from N-terminus to
C-terminus has been highly desired.

Mass spectrometry has become a major tool in protein and pep-
tide analysis and various methods have been developed and applied
to actual samples.2,3 However Edman sequencing is still the only
conventional method for determining the N-terminal sequence. This
method lacks generality, in that it cannot perform sequencing of
N-terminally capped protein. Therefore, methodology using MS for
both N- and C-terminal sequence analysis has been intensively stud-
ied for general and practical applications.4–10

We have been developing methods for isolating N- and C-termi-
nal peptides from a peptide mixture of digested proteins and
sequencing the isolated terminal peptides by MS.8–10 In our review
(in press), we proposed that this scientific field be termed ‘terminus
All rights reserved.
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proteomics.’11 In this study, we focused on the characteristic reactiv-
ity of metal-ion catalyzed transamination reaction,12 which one of
the authors (O.N.) had used for removing the N-terminal methionine
residue from recombinant proteins produced from Escherichia
coli.13,14 This reaction selectively converts the Na-amino group
(Na-NH2) of peptides or proteins into a carbonyl group, whereas
the coexisting Ne-amino group (Ne-NH2) of lysine residue is kept in-
tact. Reactions that selectively modify Na-NH2 or Ne-NH2 have often
been utilized to isolate N- or C-terminal peptides from proteolytic
digests; however, the selectivity is hardly obtained in general. The
high selectivity of transamination reaction for Na-NH2 encouraged
us to investigate its feasibility for isolating terminal peptides and
we successfully developed a new method for C-terminal sequencing
analysis using this transformation.10 Here, we report an application
of transamination reaction to N-terminal analysis, which was
achieved by changing the enzyme used for digestion and by optimiz-
ing the procedure.

In the previous C-terminal analysis, proteins were first digested
with lysylendopeptidase (LysC). LysC cleaves peptide bonds at the
carboxyl side of lysine residues (-Lys-|-Xaa-) to yield mainly pep-
tides having Na-NH2 and Ne-NH2 at both ends; however, C-termi-
nal peptides have only Na-NH2. Subsequent transamination
reaction converts the Na-NH2 to a carbonyl group; thus, incubation
with amino-reactive p-phenylenediisothiocyanate (DITC) glass
effectively scavenges Ne-NH2-containing peptides (peptides other
than the C-terminal one). The recovered C-terminal peptide is open
to modification with various nucleophilic reagents, such as hydra-
zine and hydroxylamine. We used 2,4-dinitrophenylhydrazine
(DNPH), which demonstrated signal enhancement in MS analysis.
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In studying the C-terminal analysis employing a transamination
reaction, we envisioned extending the method to N-terminal analysis
by using Grifola frondosa metalloendopeptidase (LysN),15–17 which
cleaves proteins at the amino side of lysine residues, instead of LysC,
as described in the previous report.9 In addition, the protocol was
changed so that a sample protein was first subjected to transamina-
tion and modification of the resulting carbonyl group, which
facilitated the easy purification of the modified protein by simple
gel filtration or ultrafiltration. Transamination reaction has been
applied to proteins as well as peptides.12,18–20 Thus, the procedure
for N-terminal analysis was optimized (Scheme 1). The procedure
consists of the following five steps: (1) transamination of proteins,
(2) modification of the resulting carbonyl group through oxime for-
mation, (3) LysN digestion, (4) treatment with DITC glass, and (5)
MALDI -MS and MS/MS analysis. In this paper, sample proteins are
transaminated and modified with O-(4-nitrobenzyl)hydroxylamine
(NBHA) at their N-termini.21 NBHA has a nitrobenzene moiety as well
as DNPH, which would be expected to increase sensitivity in MALDI-
MS analysis by combining a matrix system developed for sensitive
detection of 2-nitrobenzenesulfenyl(NBS)-modified peptides.22 LysN
cleaves peptide bonds at the amino side of lysine residues (-Xaa-|-
Lys-). After LysN digestion, the modified N-terminal peptide contains
no amino group. Amino-reactive DITC glass scavenges the peptide
fragments other than the N-terminal peptide, and the target peptide
is left unreacted in the supernatant. Thus recovered N-terminal pep-
tides are analyzed by MALDI-MS and MS/MS.
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Figure 1. MALDI-MS spectra of peptide fragments of model proteins after LysN digestion
lactalbumin, (d) b-lactoglobulin.). Arrows indicate the modified N-terminal peptides of
Two model proteins, bovine a-lactalbumin (a-la) and bovine b-
lactoglobulin (b-lg), were chosen for testing the protocol. Proteins
were transaminated in 10% pyridine containing 0.2 M glyoxylic
acid, 6 mM CuSO4, and 2 M urea. It was reported that the transam-
ination reaction proceeded as well in the presence of urea.12,14

Reaction time was set to 1 h, based on the results of our prelimin-
ary experiments using some peptides incorporating a different res-
idue at their N-termini (data not shown). The reaction mixture was
then subjected to a buffer exchange into 100 mM phosphate (pH
6.0) containing 2 M urea by ultrafiltration. Subsequent modifica-
tion with NBHA was performed in 100 mM phosphate (pH 6.0)
containing 50 mM NBHA-HCl and 2 M urea for 2 h at 37 �C. After
a buffer exchange into 50 mM NaHCO3 containing 2 M urea by
ultrafiltration, disulfide bonds were reduced with tris(2-carboxy-
ethyl)phosphine hydrochloride and the resulting free sulfhydryl
groups were alkylated with iodoacetamide. LysN digestion was
then performed at an enzyme-to-substrate ratio of 1:40 at room
temperature for 15 h.9 The upper panels in Figure 1 depict MAL-
DI-MS spectra23 after LysN digestion (Fig. 1a for a-la and Fig. 1c
for b-lg), in which the modified N-terminal peptides (indicated
by arrows) were detected among the peptide fragments as a so-
dium adduct ([M+Na]+: 661.3 from a-la and [M+Na]+: 976.5 from
b-lg). When peptides containing a nitrobenzene moiety are ana-
lyzed by MALDI-MS, they are often accompanied by peaks with a
16 Da decrease probably due to splitting off of the oxygen atom
from nitro group.22 In both spectra these peaks were detected
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each protein. An aliquot (3 pmol of digest) was loaded onto the target plate.



Lys

O
H2N

R

Lys

N-terminal region

O2N

Lys

O
O

R

Lys

1. Transamination

2. Oxime formation

6546 K. Sonomura et al. / Bioorg. Med. Chem. Lett. 19 (2009) 6544–6547
and aided in discriminating the modified N-terminal peptides from
the other peptide fragments even before the isolation step.

The LysN digest was then treated with DITC glass.9,24 An aliquot
of the digest (30 pmol) was added to pre-washed DITC glass. After
2 h incubation at 60 �C, the supernatant was directly analyzed by
MALDI-MS. We employed a mixture of a-cyano-4-hydroxycin-
namic acid (CHCA) and 3-hydroxy-4-nitrobenzoic acid (3H4NBA)
as a binary matrix system, which was used for sensitive detection
of NBS-modified peptides and was shown to be applicable to pep-
tides containing a nitrobenzene moiety.22,25 The lower panels in
Figure 1 illustrate the MALDI-MS spectra after the DITC treatment
(Fig. 1b for a-la and Fig. 1d for b-lg). Each N-terminal peptide was
singly recovered ([M+H]+: 639.3 from a-la and [M+H]+: 954.5 from
b-lg). In this experiment, these modified N-terminal peptides
needed 3H4NBA as a matrix for the detection, the usefulness of
which was also demonstrated in this case.

The isolated N-terminal peptides were subjected to MALDI-MS/
MS analysis in the post-source decay (PSD) mode. The amino acid
sequences of the peptides were analyzed using the observed frag-
ment peaks (Fig. 2a for a-la and Fig. 2b for b-lg).

For N-terminally acetylated proteins, the method described
here can be employed for N-terminal analysis because the N-ter-
minal acetyl group is not affected in the transamination reaction
(data not shown) and the acetylated N-terminal peptide after LysN
digestion is free from the amino group. Studies in the case of N-
blocked proteins were described in the previous reports.5,6,9,26

In the present study, we developed N-terminal analysis of pro-
teins through transamination reaction. The method was applied to
two model proteins, and successful isolation and sequencing of the
N-terminal peptides were demonstrated. This method can not be
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Figure 2. MALDI-MS/MS spectra (PSD mode) of the isolated N-terminal peptides of
model proteins. (a) a-lactalbumin, (b) b-lactoglobulin.
used for some proteins (e.g., proteins containing N-terminal pro-
line) because of limited reactivity for transamination.10,27 How-
ever, an a-carbonyl of N-terminal ketoacyl group generated after
transamination reaction can react with various types of nucleo-
philic reagents, and virtually any functionality can be introduced
into the N-terminus of the peptide. This flexibility is advantageous
for the MALDI-MS analysis of terminal peptides whose sensitivity
largely depends on its amino acid composition, size, and modifica-
tion states.
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